We investigate experimentally transport in gated microsctructures containing a band-inverted HgTe/Hg0.3Cd0.7Te quantum well. Measurements of nonlocal resistances using many contacts prove that in the depletion regime the current is carried by the edge channels, as expected for a twodimensional topological insulator. However, high and non-quantized values of channel resistances show that the topological protection length (i.e. the distance on which the carriers in helical edge channels propagate without backscattering) is much shorter than the channel length, which is ∼ 100 µm. The weak temperature dependence of the resistance and the presence of temperature dependent reproducible quasi-periodic resistance fluctuations can be qualitatively explained by the presence of charge puddles in the well, to which the electrons from the edge channels are tunnel-coupled.
I. INTRODUCTION
The most spectacular property of two-dimensional (2D) topological insulators (TIs) is the presence of counter-propagating edge channels of a specific spin (or pseudo-spin) structure, 1,2 which account for the persistence of conductivity even when the interior of the sample is depleted of carriers, as demonstrated experimentally 3, 4 for quantum wells (QWs) of HgTe with inverted band structure (i.e. the thickness of which is above a critical value of 6.3 nm). At a given energy these helical electron states propagating along the channel in the two opposite directions form a Kramers pair 1 and are, therefore, protected by the time-reversal symmetry (TRS) against elastic back-scattering.
1,2
Reflectionless one-dimensional (1D) transport along edges should lead to a perfect quantization of conductance, that is, the emergence of the quantum spin Hall effect 2 (QSHE) when the 2D sample is in the TI regime. Indeed, experiments with HgTe QWs of the appropriate thickness provided the evidence of highly conducting edge states in two-terminal 3 and also multi-terminal, non-local transport measurements. 4 Similar results were also obtained for microstructures of InAs/GaSb QWs.
5-7
However, the values of conductance G, measured when the Fermi level F was tuned by the gate to be inside the energy gap of the QW, were only approximately equal to the expected quantized value G 0 = 2e 2 /h. This is in contrast to the the accuracy achieved in the case of the quantum Hall effect 3, 8 (QHE) or the quantized anomalous Hall effect, 9 for which the topological protection is ensured by a large (possibly macroscopic) spatial separation of the chiral channels from the two edges of the sample, and, for QHE, by the presence of the gap between Landau levels leading to exponential suppression of temperature dependence of deviations from perfect quantization. In QSHE only the elastic backscattering in the channels is forbidden, and perfect quantization is expected only at low (possibly extremely low) temperatures. In fact, even at temperature T ∼ 1 K, the conductance showed fluctuations as a function of the gate voltage V g . 3, 6, 10 Furthermore, G values were close to G 0 in HgTe QWs only 3, 4 for samples with sizes between 1 × 1 µm 2 and 5 × 5 µm 2 , whereas for larger devices conductance strongly decreased, down to 10 −4 G 0 in structures with the channel length of the order of 1 mm.
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When only elastic scattering is considered, the presence of TRS breaking (by external magnetic field B or polarization of magnetic impurities or nuclear spins in the sample) is necessary for any kind of disorder at the edge to lead to backscattering (for calculations at finite B with specific models of disorder see e.g. Refs. 12 and 13). In the absence of the B field, there are many theoretical models showing that inelastic processes, either due to electron-electron, 1,14-16 electron-phonon, 17 and electronmagnetic impurity [18] [19] [20] scattering, can lead to a decrease of conductance of helical edge channels. However, the observed weak temperature dependence 21, 22 (see also below) of this conductance rules out all these mechanisms. The current-induced nuclear polarization is theoretically arXiv:1307.6115v3 [cond-mat.mes-hall] 22 Oct 2013 possible, 20, 23 leading to breaking of TRS and to backscattering via Rashba interaction, but neither signatures of such TRS breaking, nor nonlinear I-V characteristics, 23 have been observed.
All the above-mentioned mechanisms can be labeled as intrinsic to the helical edge, i.e. the relevant inelastic scattering processes involve the carriers propagating through the edge states. Interestingly, the most plausible model explaining the non-quantized resistance in the QSHE regime is of the extrinsic character. Experimental data 4, 24 suggests that the edge states are coupled to charge puddles within the QW. Once an electron finds itself inside the puddle tunnel-coupled to the edge states, it can dwell there for a time longer than the inelastic scattering lifetime. 25 If both the phase and the spin of the electron are lost during this dwell time, one can treat the puddle as an "unintentional contact" in which the chemical potentials for both spin directions are equalized.
4,24
Deviations from perfect conductance observed in rather short channels could be explained by assuming the existence of a single puddle of this kind located close to the edge of the sample. 4, 24 Recently, a detailed theory of enhancement of inelastic backscattering due to dwelling of carriers in the puddles was given for the case of T < δ (where δ is the mean spacing of levels in the puddle), and the resistance of a long helical channel tunnel-coupled to multiple puddles was predicted to be R ∼ Ln p (T /δ) 3 , where L is the length of the channel and n p is the density of puddles.
Let us note that the existence of such unintentional quantum dots is natural 26 for a modulation-doped system with a small bandgap 27, 28 (E g ∼ 10 meV for HgTe/HgCdTe QWs and E g ≤ 4 meV for InAs/GaSb structures 5-7 ), in which the Coulomb disorder from ionized dopants leads to large (relative to E g ) spatial fluctuations of band edge energies. While signatures of presence of a single charge puddle coupled to a helical edge were seen in experiments on HgTe/HgCdTe wells, 4 there are less data supporting the existence of charge puddles in InAs/GaSb systems supporting the TI state. However, the recent increase 7 in the accuracy of conductance quantization obtained due to introduction of Si doping at the interface (with Si acting as a donor in InAs and an acceptor in GaSb) is consistent with the impurities acting as localization centers depleting carriers from the larger puddles. It should also be noted that an additional source of inhomogeneity in 2D TI samples are fluctuations of bandgap size due to inhomogeneities in the QW width, the presence of which was suggested in the HgTe/HgCdTe system. 24 The main observation is that the situation in these very narrow bandgap material is analogous to the situation in graphene, in which strong carrier density inhomogeneity well-known to exist in the gapless case 29,30 also persists for finite but small bandgap in gapped bilayer graphene.
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In this work we present resistance and magnetoresistance data for gated multi-probe Hall micro-bridges of HgTe/Hg 0.3 Cd 0.7 Te QWs with the edge channel length of the order of 100 µm, that is, in-between the length scales explored previously.
3,4,11 Our non-local resistance data obtained for various combinations of contacts provide a direct proof that the current flows along edges when the QW interior is depleted from carriers (or, more precisely, made insulating by the gate voltage), corroborating the results of recent experiments aimed at imaging the edge states with various probes. 21, 24, 32 However, the resistance magnitudes are systematically higher than the quantized values expected for reflectionless edge channels and, moreover, they are weakly temperature dependent. These results can be explained by the coupling of helical edge channel to charge puddles resulting from the potential fluctuations, which are only weakly screened by the metal gate located 160 nm above the QW. The spacing between the puddles along the channel that we can infer from our data is < 10 µm. Furthermore, the presence of charge puddles can also explain reproducible resistance oscillations observed in the depletion regime. These oscillation exhibit visible periodicity, which can be explained by the discreteness of energies required for carrier addition/tunnelling to particularly small puddles.
II. SAMPLES
Our samples are patterned from heterostructures grown by molecular beam epitaxy (MBE) on semiinsulating GaAs [013] substrates with a relaxed CdTe buffer. 33 They consist of an 8 nm thick n-HgTe QW residing between Hg 0.3 Cd 0.7 Te barriers modulated in central parts by In dopants. Their characterization by the QHE was already reported. 8 The microstructurization procedure has been performed by electron beam lithography with precautions taken not to overheat the structure during the resist annealing (T ≤ 80 o C). The pattern, shown in Fig. 1(a) , consists of 0.9 µm deep trenches forming an eight probe Hall bar structure, obtained by wet chemical etching in the solution of 0.05 % Br in ethylene glycol. After etching, the whole structure was covered by 100 nm thick layer of HfO 2 /Al 2 O 3 composite, grown by atomic layer deposition. 34 Subsequently, 30 nm thick gold film of an area 90 × 90 µm 2 was deposited in the central part of the structure. Finally, the insulator layer on the large contact pads was mechanically punctured and indium contacts were attached by soldering. Two structures of differing distance between the probes D and Hall bar width W have been fabricated: for structure No. 1 we have D ≈ 15 µm and W < ∼ 5 µm, while for structure No. 2 we have D ≈ 6 µm and W < ∼ 2 µm. In contrast to mesa-like samples used in the previous works, 3,11 the edge channels for our layout are expected to form on both sides of the insulating lines, as shown schematically in Fig. 1(a) . The total length of the channels between adjacent contacts (see Fig. 1(a) ) is estimated to be L ∼ 100 µm, a value by a factor of 10 larger and smaller than those specific to samples from Ref. 4 ments have been performed by low frequency ac method (f < ∼ 10 Hz) in the temperature range between 0.3 and 4.2 K in a 3 He system. Typically, the current excitation voltage has been kept below 100 µV, and the linearity of I − V characteristics has been checked. Gate voltages up to |V g | = 1.2 V have been employed, for which the gate leakage current is below our detection limit, 0.1 nA.
From the Hall and resistance data in low magnetic fields and with no gate voltage, the 2D electron concentration and mobility are n 2D = 2.5 × 10 11 cm −2 , µ = 1.0 × 10 5 cm 2 /Vs (structure No. 1) and n 2D = 1.6 × 10 11 cm −2 , µ = 2.4 × 10 4 cm 2 /Vs (structure No. 2), corresponding to the mean free path = 1.0 and 0.12 µm, respectively. For comparison, for bulk HgTe, reaches 2 µm, 35 whereas in (Hg,Mn)Te near the Dirac point, up to 13 µm was found.
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III. MAGNETOTRANSPORT AND LOCAL RESISTANCE
For the two fabricated structures, we can achieve the depletion regime where the conductance type changes from n to p, and the Fermi level is expected to pass through the energy bandgap of the QW. This is illustrated in Fig. 1(b) , where we show the measured resistances R ij,kl for current flowing between contacts (ij), with the voltage drop measured between probes (kl). The data are taken for structure No. 1, but the qualitative features discussed below, with the exception of the presence of QHE plateaus, were also observed in structure No. 2. The lack of QHE in structure 2 (with W < ∼ 2 µm) suggests an important role of disorder and associated charge inhomogeneities possibly coupling the opposite edges of this narrower structure.
In Fig. 1(b) we show the gate voltage dependence of the Hall resistance R 52,73 (measured for magnetic field B = 0, 4.5, and 7 T), and of the local resistance R 52,43 for structure No. 1. In the n-type regime (small magnitudes of |V g |)), two or one well developed QHE plateaus (h/2e 2 and h/e 2 ) have been observed at 4.5 T and 7 T, respectively, pointing to a sizable topological protection length of chiral edge channels. With a further increase of the electron depletion, the Hall resistance R 52,73 goes through a maximum and changes its sign for both values of B at V g ≈ −0.9 V. The V g range of large longitudinal (local) resistance, R 52,43 is associated with carrier depletion of the QW, or, more precisely, with the suppression of bulk conductivity. Let us note that the maximum of the zero-field local resistance is at V g = −1.1 V, while the Hall voltage changes sign at V g ≈ −0.9 V. This not surprising, since the magnetic field-induced band evolution in HgTe QW leads to substantial quantitative modification of the size of the bandgap, 27, 28 so that the depletion of the QW interior occurs at different V g in zero and nonzero B field.
The maximum resistance level, R max 52,43 ≈800 kΩ, is much higher than the quantized values observed in Ref. 4 . We have checked that similarly high values are observed for R measured with other probes, e.g., R max 58,32 ≈300 kΩ. Therefore, we observe a behavior similar to that reported 11 in structures with 1 mm-long edge channels: the local resistance in the depletion regime is much higher than the quantized value seen in small samples, 3, 4 and it shows very weak temperature dependence, as illustrated in Fig. 1(c) . It should be noted that the ratio of typical magnitudes of resistances shown here and those from Ref. 11 is similar to the ratio of the relevant channel lengths (∼ 10 2 µm here and ∼ 10 3 µm in Ref. 11), suggesting that the long edge channels in these structures behave to a large degree as classical (i.e. incoherent) wires (see Section V for further discussion). However, let us note one notable difference between our results and those from Ref. 11, which is the presence of reproducible fluctuations of the resistance visible at low T in Fig. 1(c) .
IV. NONLOCAL RESISTANCE
In order to demonstrate that in the V g range corresponding to the depletion conductance proceeds by edge channels, we have studied the nonlocal resistance R nl . For H-type structures, the contribution of carriers from the QW gives R nl R sq exp(−πD/W ), where R sq is the QW resistivity; D and W are the bar length and width, respectively. Dependencies of nonlocal resistances R ij,kl on V g for B = 0 are presented in Fig. 2 for structure No. 1. We have used contacts (ij) = (82) as current leads and have measured voltage employing probes (kl) along the structure perimeter. The most important observation is the same sign of the voltages measured between the subsequent pairs of the probes. This indicates that the current flows in the same direction around the structure, i.e., along the path 6 − 5 − 4 − 3, and its direction is opposite to that of the current directly flowing between 8 − 2. In Fig. 2 we show six curves that represent results for various pairs of the voltage probes located along the clockwise current path between the (82) contacts. Importantly, the data show that all subsequent nonlocal resistances are additive, e.g., R 82,63 = R 82,43 + R 82,54 + R 82,65 , as is illustrated by the dotted and dashed curves in Fig. 2 . We have also checked that the "sum rule" of subsequent volt- ages holds when the temperature is increased up to 1.8 K.
An analogous behavior has been observed for non-local resistances measured for structure No. 2 at 1.8 K. There, the current has been fed through the leads (ij) = (18). As in sample No. 1, in this narrower structure the voltage sign along the path 8 − 7 − ... − 2 − 1 does not change and corresponds to a current circulating around the QW edges between probes 8 and 1. Similarly to the case of the local resistance, we have observed a rather weak T dependence of R ij,kl between 0.4 to 1.8 K for both structures. While some results of R nl published so far confirm the presence of the edge conduction in HgTe QWs, they were obtained only for selected pairs of current and voltage probes. 4 Such selective measurements would prove the existence of the edge channel only if there are no other parallel conducting channels in the structure. Otherwise, a false nonlocal signal may occur, as it was recently demonstrated in Hall microstructures of PbTe.
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Therefore, only a series of nonlocal voltage measurements, taken between consecutive contact probes distributed around the structure perimeter, confirms the edge conduction. Here we have shown that in the depletion regime, electric potential measured around the circumference of the structure is really compatible with the edge conduction picture.
For the reflectionless channels 4 and the eight probe geometry in question, the quantized value of the nonlocal resistance measured with consecutive voltage probes along the 2-3-... and R 82,54 are much larger than this value, and R 82,65 is somewhat larger. Note that the latter observation does not mean that the channel between contacts 5 and 6 is (nearly) reflectionless, since the value of nonlocal resistance depends on the resistances of all the other segments of the circuit, and once the quantization expected for perfect channels is broken (as is the case here), the value of R nl ≈ h/4e 2 loses any particular significance. We define R nm as the resistance of the clockwise channel between m and n contacts, i.e. the ideal two-terminal resistance for current flowing only along m-m+1-...-n path, see Fig. 1(a) for contact labels. For the case of l-l+1-...-k path contained in the j-j+1-...-i path (i.e. for local and nonlocal resistances considered here) we have
From this equation one can see that while the total values of R ij,kl depend on the resistances of all the segments of the channel encircling the QW, the ratios of these resistances taken for various (kl) while keeping (ij) fixed correspond to the ratios of respective R kl resistances. Using this observation, from Fig. 2 we can read off the approximate ratios R 43 ≈ 7R 65 and R 54 ≈ 2R 65 . Since the channels connecting the consecutive contacts are of comparable length, this means that at the length scale of about 100 µm the Ohmic scaling of the channel resistance with its length is not yet valid, i.e. the contributions from scattering centers (the nature of which is discussed below)
are not yet self-averaging. In the next Section we will discuss this observation further. Finally, we note again the presence of resistance fluctuations at temperature T < 1 K, shown for the nonlocal signal in Figures 2 and 3 . As one can see in the inset of Fig. 3 , these fluctuations contain a few components periodic in the gate voltage V g .
V. DISCUSSION OF THE MECHANISM LEADING TO LARGE EDGE CHANNEL RESISTANCE
From the results presented above we conclude that: (1) the current in the depletion regime flows along the edge of the sample, (2) the edge channel resistance is much higher than the value corresponding to helical channels free of backscattering, and it is very weakly (sublinearly) dependent on temperature in range 0.4 K < T < 1.8 K, and (3) there are reproducible resistance fluctuations which become less pronounced as temperature is increased. If we discard the possibility that the trivial, i.e. non-helical, edge channels are formed in an inverted QW (which would be a truly unpleasant coincidence, but not impossible in principle, especially in the light of the uncovered presence of band bending 32 at the sample boundaries in such QWs), the measured values of resistance imply an inelastic scattering mechanism for the edge carriers being quite efficient for channel lengths of > ∼ 10 µm. In fact, even if the edge channel was non-helical, the large but finite value of resistance would be consistent with the well-established physics of Anderson localization in 1D
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only in the presence of rather strong mechanism of phasebreaking. The strong localization is present only when the localization length l loc is smaller than the phasebreaking length l φ . A large (R h/e 2 ) value of resistance and R ∼ L scaling (suggested by comparison of our results to those from Ref. 11) are consistent with dominantly inelastic character of scattering. In such a case l φ is of the same order of magnitude as the scattering length, and since the localization in 1D is due to interference of electron trajectories involving multiple scatterings, the localization is preempted by phase breaking. However, if the edge is of helical character, the weak T -dependence of the resistance might be considered puzzling in the light of super-linear dependence predicted by many theoretical models. 1, 14, 16, 19 The presence of reproducible fluctuations of both local and nonlocal resistance, see Figs. 2 and 3, also demands then an explanation which is consistent with phase-breaking length being much shorter than the channel length.
A natural explanation for these observations is provided by the assumption of existence of charge puddles coupled to the edge states. 4, 24, 26 When the inelastic scattering time within the puddle is at least comparable to the mean dwell time inside of the dot, the carrier has randomized phase when it tunnels back into the edge channel. The spin is also expected to be randomized, since in structures of narrow bandgap semiconductors such as HgTe/HgCdTe and InAs/GaSb the spin-orbit induced spin splittings of lowest energy carrier subbands are significant (for example, Rashba splitting can reach 30 meV in gated HgTe/HgCdTe quantum well 39 ). The weak T dependence of resistance can then be naturally explained: once the puddles act as (nearly) perfect phase-and spinrandomizing contacts, a further increase of T does not affect the resistance in a visible manner. The condition for reaching this regime is k B T > δ, for which the theory from Ref. 26 predicts a saturation of T -dependence of resistance.
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When both the phase and the spin is randomized during the carrier dwell time, each puddle acts as an unintentional contact 4 allowing for backscattering and increasing the helical channel resistance by h/e 2 . The measured resistance is then given by Eq. (1), in which R kl = (n kl + 1)h/e 2 where n kl is the number of dephasing sites between the (kl) contacts weighted by the probability of tunneling into them, so that n kl decreases with the channel length but remains non-zero and fluctuates with the Fermi energy and magnetic field even for short channels. As we have discussed in the previous section, the values of R kl for various pairs of consecutive contacts have a wide distribution, e.g. n 43 ≈ 6(n 65 +1) ≈ 3(n 54 +1). These ratios cannot be explained by ratios of channel lengths between adjacent contacts, which are all between 80 and 120 µm. Also, from Eq. (1) we see that R kl > R ij,kl , so that the local resistance measurement shown in Fig. 1(b) gives n 43 > 28. Thus, the spread of n kl values cannot be explained by simple statistical fluctuations ∼ √ n kl expected for Poisson statistics of n kl in the case of a fixed rate of strong coupling to a puddle per unit length of the channel. Together with the fact that the ratio R 52,43 /R 82,43 shows that R 28 /R 25 is only about 1/15 instead of ≈ 2/5 expected from geometry of the structure, the above observations suggest a presence of inhomogeneity of puddle density over the area of the sample shown in Fig. 1(a) . Such an inhomogeneity makes it harder to extract precise value of channel resistances, such as R 43 , from the data presented here. We can only say that the lower bound for n 43 given above means that the distance between puddles acting as full dephasing centers (i.e. the topological protection length) can be as short as a few µm.
The conjectured inhomogeneity of puddle density could be due to fluctuations of quantum well width d, which should lead to large relative fluctuations of the magnitude of the energy gap E g of the well -it should be kept in mind that E g = 0 for d = 6.3 nm, while for d = 8 nm we should have E g ≈ 10 meV. Structural defects of planar size of ∼ 1 µm were in fact observed by AFM in other structures of HgTe/HgCdTe, and their relation to local modifications of quantum well bandstructure was suggested.
24 According to estimates from Ref. 26 , the typical puddle size is ∼ a B with the effective Bohr radius a B ∼ 1/E g . The presence of micron-sized areas of quantum well with d closer to 6 nm than to the nominal value of 8 nm could then cause the appearance of rather large puddles (possibly merging into a micron-sized quasi-bulk region) with level spacing δ an order of magnitude smaller than ∼ 1 meV estimated for E g = 10 meV in Ref. 26 . In such a case the temperature (in)dependence of our data would be qualitatively consistent with the microscopic theory of backscattering due to presence of charge puddles. 40 Furthermore, the extrinsic (not following from self-consistency of puddle filling and the resulting screening of external potential fluctuation in the presence of uniform density of ionized remote impurities) origin of the particularly large puddles could help reconcile the large values of channel resistances with the lack of bulk conductivity due to merging of the puddles. If the regions of smaller E g containing more puddles (or possibly each one of them being simply uniformly filled with carriers) were rare enough to be uncoupled, and if they did not span the whole area between the edge channels from the opposite sides of the quantum well, their presence would not affect our observation of current flowing along the edges of the structure, with negligible contribution of transport through the bulk.
Let us also note that while in Ref. 26 predictions are given for both the mesoscopic regime (of a few puddles coupled to a channel) and the self-averaging regime of large L, the size of our structures seems to put them in an intermediate regime of moderate channel lengths. Multiple puddles contribute then to backscattering, but the fluctuations in resistance as a function of V g , whether due to energy dependence of tunnel couplings, the discrete energy levels in the puddles, or the Coulomb blockade, are still visible. In fact, the measured resistance fluctuations are clearly showing signs of periodicity, as shown in Fig. 3 . Furthermore, it is possible to identify the spatial location of sources of particularly prominent fluctuations. In Fig. 4(a) we present the fluctuating parts of R nl (V g ) in sample No. 2 for four pairs of voltage probes, with (81) as the current-carrying contacts. For voltage probes (65), (54) and (43) the fluctuations are very similar, with a quasi-periodic component (three peaks clearly visible in Fig. 3(a) , the largest of which is at V g ≈ −0.7 V), while for the (76) pair the fluctuation pattern is distinct. This strongly suggests that the source of resistance fluctuations is the global modulation of the current flowing along the edge, caused by a localized V g -dependent resistance source. If we assume that the strongest modulation of ∆R is caused by a periodic in V g variation of the coupling to a single charge puddle (caused possibly by a Coulomb blockade oscillation of the tunneling into this puddle), then the results are consistent with this dominant unintentional contact being located between probes 7 and 6, i.e., there are gate-induced fluctuations δR 76 of R 76 resistance, which of course lead to the fluctuation δR 81 of the same magnitude. Then, for the three pairs of probes (assuming for simplicity R 81 R 18 , as is expected from the lengths of the respective current paths) we have for the strongest fluctuation δR 81 is not proportional to R 81,76 . The measured relative fluctuations ∆R/R shown in Fig. 4(b) support this physical picture.
VI. CONCLUSIONS
The studies of nonlocal resistance in band-inverted HgTe/HgCdTe QWs show that when the bulk is depleted of mobile carriers, the current is indeed flowing around the sample edge. However, the channel length for which the backscattering is absent is of the order of a few µm, and the observed resistances are much larger than the quantized values predicted for helical channels unaffected by inelastic scattering. Weak temperature dependence of the edge resistance (for 0.4 K < T < 1.8 K), together with the presence of reproducible resistance fluctuations having strong periodic components, can be explained by the presence of multiple disorder-induced charge puddles, which are tunnel-coupled to the edge states. The results support an emerging picture 4,24,26 of very narrow bandgap two-dimensional topological insulators as having a very inhomogeneous energy landscape. Furthermore, both the observed wide spread of values of resistances for edge channels of comparable length, and the weak temperature dependence of these resistances, suggest the presence of fluctuations of the width or composition of the quantum wells, the length-scale of which exceeds the length-scale of "intrinsic" potential fluctuations caused by the presence of remote ionized impurities. The main conclusion is that in order to maintain a dissipationless edge transport by helical channels at distances larger than a few µm, the bulk of the sample not only needs to be insulating, but it also needs to be locally insulating, i.e. there should be no unintentional charge puddles close to the edge of the sample.
